An inexpensive flow injection analysis system for determining low concentration levels of nitrite employing the Griess reagent spectrophotometric method is reported. The novel photometric detector applied within this manifold is a highly sensitive, low cost, miniaturized light emitting diode (LED) based flow detector. This colorimetric detector employs two LEDs, operating one as a light source and the other as a light detector. The emitter LED is forward biased and the detector reverse biased. The emitter and detector LED had a λ max of 530 nm and 623 nm respectively. The emission spectrum of the emitter LED efficiently overlapped with the absorbance spectrum of 9 µM NO 2 and Griess reagent complex. A simple timer circuit measures the time taken for the photocurrent generated by the emitter LED to discharge the detector LED from 5 V (logic 1) to 1.7 V (logic 0). The Griess reagent method employed for nitrite determination is based on the formation of an azo dye, the intensity of which is directly related to nitrite concentration. The linear range, reproducibility and limit of detection were investigated. Detection limits in the nanomolar range were achieved using the Paired Emitter-Detector Diode (PEDD) flow analysis device. For a comparative study the linear range and limit of detection were also investigated using a platewell reader. Higher sensitivity and improved precision were obtained from the PEDD compared to the commercially available plate well reader.
INTRODUCTION
Nitrite is widely found in soil, natural water and food and produces nitrosamines in the human body through its reaction with amines or amides, which are carcinogenic 1 . An additional human threat posed by the presence of nitrite at high concentration in the blood is its reaction with iron (III) of the haemoglobin, forming methemoglobin, which has no oxygen carrying ability 2 . Many analytical methods have been proposed for the detection of nitrite [2] [3] [4] [5] [6] [7] [8] [9] [10] . Most of the methods employed for the determination of nitrite are based on the colorimetric determination of nitrite with diazocoupling reaction. In 1963 Sawicki et al. published a review of over 50 spectrophotometric methods for the determination of nitrite 11 . In 1879, Griess proposed the reaction of sulfanilic acid with 1-naphthylamine in the presence of nitrites and sulfuric acid and proposed that it could be used for the determination of nitrites 12 . Modifications of the original Griess method have been investigated and it is still one of the most commonly employed colorimetric method for the detection of nitrites [13] [14] [15] [16] [17] [18] [19] [20] . 
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The reaction mechanism for the detection of nitrite employing the Griess reaction method is based on the conversion of sulfanilic acid (Reagent A) to a diazonium salt by reaction with nitrite in acid solution. The diazonium salt is then coupled to N-(1-naphthyl)ethylenediamine (NED) (Reagent B), forming an azo dye that can be spectrophotometrically quantified based on its absorbance at 547 nm ( Figure 1 ).
Figure 1 Mechanism of nitrite detection employing the Griess reaction method.
Miniature, portable, robust, accurate and inexpensive environmental monitoring devices are required for autonomous field deployment monitoring 21 . In most microanalytical systems neither the light source nor the photodetector is integrated into the same substrate as the fluidic channel network. This is because the integration of all components necessary for performing a total chemical analysis is very complex 22 . Several optical devices have been proposed for the detection of nitrites, however often the components of the device are external (i.e. not fully integrated into the system), employ bulky components such as lamps 20 as light sources or UV-vis spectrophotometers 18, 23 coupled with fiber optic cables as the detector. In this paper we present the detection of nitrite using a novel detector, which has the light source, detector and fluidic channel fully integrated. Optimum conditions such as time allowed for colour formation, reagent to sample ratio and flow rate were investigated for the spectrophotometric method. The reproducibility, linear range and limit of detection were determined. A comparative study carried out using a commercially available platewell reader was carried out. Under optimised conditions the low cost PEDD detector ( $1) displayed higher sensitivity and improved precision compared to the commercially available platewell reader.
EXPERIMENTAL
Chemicals and reagents
All solutions were prepared from analytical grade chemicals. Deionised water obtained from a Millipore Milli-Q water purification system was used for all analysis. New stock solutions were prepared weekly. Reagent A and B were stored refrigerated at 2-6 0 C, protected from light. Nitrite standard solution (NaNO 2 , Sigma-Aldrich, Dublin, Ireland) A 0.1 M stock solution of sodium nitrite was prepared by dissolving 1.725 g of NaNO 2 in 250 mL of deionised water.
Measurement procedure µQuant™ platewell reader
The Griess reagent was prepared by mixing equal volumes of reagent A (sulfanilic acid) and reagent B (N-(1-naphthyl)ethylenedi-amine). The mixture was prepared daily. The colorimetric reagent (0.2 mL) was added to the nitrite standards (3 mL) and the solution was left to stand for 10 min for colorimetric development. The absorbance of the solution was measured comparatively using the (λ max 530 nm) PEDD flow cell and a µQuant™ platewell reader (Bio-Tek Instruments, Inc., USA).
(λ max 530 nm) PEDD
The measurement is based on the following theoretical model (Equation 1), which has been derived by Lau et al 24 .
Log (t) = εCl + Log (t 0 ) Equation 1
where l is the optical path length through the solution (cm), ε the molar extinction coefficient, C the concentration of the absorbing species (mol L −1 ), t 0 a constant that represents discharge time in the absence of the coloured species in solution (µs) and t is the discharge time in the presence of the coloured species in solution (µs). The flow analysis manifold shown in Figure 2 consisted of a sample injector (Rheodyne, model 5020), and a Gilson (MiniPlus 3) peristaltic pump, (Anachem, UK). The Griess reagent and nitrite standard were pumped to the mixing chamber in reagent to sample ratio previously specified at a flow rate of 0.6 mL min -1 . A 100 µL injection sample loop was selected to inject the nitrite and Griess reagent complex into the carrier stream (H 2 O). The complex formed was then passed through the (λ max 530 nm) PEDD flow cell.
Fabrication of PEDD optical flow cell
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The integrated PEDD cell was fabricated as previously described 25 using two 5 mm LEDs (Kingbright, Ireland) as shown in Figure 3 . The detector used was a red LED (λ max at 623 nm) which can detect any wavelength below this point. A green LED (λ max at 530 nm) was used as the emitter LED. The light measurement technique and circuitry employed to drive the PEDD were as previously described 25 .
RESULTS AND DISCUSSION
Optimization of flow system parameters
Wavelength
The optimum wavelength to monitor the nitrite Griess reaction complex has been variously reported in the literature, typically citing the λ max in the range ca. 526-563 nm 15, [17] [18] [19] [20] . The λ max was therefore determined under our experimental conditions by obtaining the absorbance spectrum of 9 µM NO 2 using the µQuant™ platewell reader (Bio-Tek Instruments, Inc., USA). The λ max of the sample was found to be 547 nm. An emitter LED with a λ max of 530 nm was employed as the light source in the PEDD. An LED with a λ max closer to 547 nm would provide increased sensitivity. The light intensity transmitted from the emitter LED (λ max 530 nm) was measured with a detector LED that had a slightly smaller bandgap (λ max 623 nm). The absorbance of the nitrite Griess reaction complex (λ max 547 nm) as shown in Figure 4 efficiently overlaps with the emission spectrum of the emitter green LED and will therefore allow high sensitivity. The emission spectrum of the emitter LED was obtained by using Ocean Optics spectrometer (OOIBase 32™, Ocean Optics, Inc., Dunedin, USA). 
Reagent to sample ratio
The optimum reagent to sample ratio was determined by preparing a range of samples at a concentration of 2 µM NO 2 with varying volumes of Griess reagent (0.1 -3 mL) added. The normalised maximum absorbance (R/R max ) of each sample was recorded after 10 minutes using the µQuant™ platewell reader and plotted against the volume of reagent added to 3 mL of sample. The reagent volume that provided the highest R/R max i.e. the most intense colour was determined as 0.2:3 v/v reagent to sample ratio (i.e. 0.2 mL reagent to 3 mL of sample). This was the reagent to sample ratio adopted throughout all remaining experiments.
Kinetics study
The development of the nitrite Griess reagent complex colour intensity was monitored for the detection of 2 µM NO 2 using the µQuant™ platewell reader by taking an absorbance measurement at a λ max of 547 nm every 2 minutes for 40 minutes. The experiment was carried out in triplicate. As shown in Figure 5 the colour formation increased rapidly until approximately 10 min after which the rate of increase ceased. This was the time allowed for colour development adopted for studies employing the µQuant™ platewell reader Figure 5 Kinetic study of the colour formation monitored at a wavelength λ max 547 nm between 2 µM NO 2 and Griess reagent (n = 3). The standard deviations are represented as error bars.
Reproducibly of the PEDD
The reproducibility of the PEDD was determined by injecting a 2 µM nitrite standard ten times. As shown in Figure 6 good reproducibility was achieved with a relative standard deviation of 2.5% calculated. An average change in response (peak height, µs) of 63.1 ± 1.6 µs (n = 3) was achieved. The reproducibility of PEDDs within a batch was investigated by fabricating 2 identical PEDDs (Emitter LED λ max 530 nm and detector LED λ max 623 nm). A 5 µM NO 2 standard was injection into the system (n = 3) and monitoring using the first PEDD. The experiment was then repeated using the second PEDD (n = 3). An average peak height of 38.9 ± 0.3 µs (R.S.D. = 0.7%) for the detection of 5 µM nitrite and Griess reagent complex was obtained from the first PEDD. An average peak height of 40.4 ± 0.7 µs (R.S.D. = 1.8%) for the detection of 5 µM nitrite and Griess reagent complex was obtained from the second PEDD. This resulted in an average peak height of 39.7 ± 1.1 µs (R.S.D. = 2.7%) for the detection of 5 µM nitrite and Griess reagent complex calculated using the two PEDDs. This demonstrated that the PEDDs can be fabricated reproducibably.
Calibration of the PEDD flow cell and the µQuant™ platewell reader
Working nitrite calibration standards between 0.07 and 100 µM were prepared from the 0.1 M stock standard. Various concentrations of nitrite were prepared in deionised water and passed through the PEDD flow cell for ca. 5 minutes per sample, at a flow rate of 0.6 mL min −1
. The log of the discharge times (log t, µs) was plotted against the nitrite Griess reagent complex concentration (C) in accordance with the model (Equation 1 ) and the results are presented in Figure 7 . A linear range of approximately 0.2-100 µM nitrite Griess reagent complex (R 2 value 0.9995) was obtained as shown in Table 1 . The relative standard deviation of the measurements (n = 3, shown as error bars) is very low (ca. 0.01%). An LOD of ca. 7 nM nitrite Griess reagent complex was achieved with a peak height of 4.7 ± 1.8 µs (Baseline standard deviation, 3σ = 0.51 µs) Figure 7 Log of the discharge times (t) obtained using a PEDD versus nitrite Griess reagent complex concentration. The error bars represent the standard deviations for n=3.
As a comparison study, the absorbance of the same nitrite Griess reagent complex concentrations were acquired employing a µQuant™ platewell reader. As shown in Figure 8 the mean normalized maximum absorbance (R/R max ) obtained at a λ max of 547 nm was plotted against nitrite Griess reagent complex concentration (C) resulting in a linear range (R 2 value 0.9973) of 0.9-100 µM with a highest R.S.D. (n = 3) of 0.03%. A significantly higher LOD of 0.9 µM was determined using the µQuant™ platewell reader (Table 1) . As outlined in Table 1 
CONCLUSION
The work presented here has demonstrated that the novel, low cost, miniaturized PEDD flow analysis system is highly sensitive for the detection of nitrite employing the Griess reaction method. The PEDD flow device achieved a linear range of 0.2-100 µM and an LOD of 70 nM NO 2 . The commercially available bench top platewell reader achieved a linear range of 0.9 -100 µM and a higher LOD of 0.9 µM NO 2 . The PEDD was determined to be reproducible with a relative standard deviation of 2.5% for the detection of 2 µM nitrite Griess reagent complex (n = 10). Data obtained from two PEDDs calculated a relative standard deviation of 2.7% for the detection of 5 µM nitrite Griess reagent complex (n = 2). The PEDD flow device offers advantages of reproducibility, extremely low power consumption, no requirement for an A/D converter or operational amplifier and the sensor can be operated from a 9 V battery. This low cost detector can be applied to an autonomous remote sensing system for the monitoring of nitrite levels in situ.
